Spin-orbit interaction of light can lead to the so-called optical mirages, i.e. a perceived displacement in the position of a particle due to the spiraling structure of the scattered light. In electric dipoles, the maximum displacement is subwavelength and does not depend on the optical properties of the scatterer. Here we will show that the optical mirage in high refractive index dielectric nanoparticles depends strongly on the ratio between electric and magnetic dipolar responses. When the dual symmetry is satisfied (at the first Kerker condition), there is a considerable enhancement (far above the wavelength) of the spin-orbit optical mirage which can be related to the emergence of an optical vortex in the backscattering direction.
Spin-orbit interaction of light can lead to the so-called optical mirages, i.e. a perceived displacement in the position of a particle due to the spiraling structure of the scattered light. In electric dipoles, the maximum displacement is subwavelength and does not depend on the optical properties of the scatterer. Here we will show that the optical mirage in high refractive index dielectric nanoparticles depends strongly on the ratio between electric and magnetic dipolar responses. When the dual symmetry is satisfied (at the first Kerker condition), there is a considerable enhancement (far above the wavelength) of the spin-orbit optical mirage which can be related to the emergence of an optical vortex in the backscattering direction.
It is customary to separate the angular momentum (AM) of light [1] into two contributions, the spin (SAM) and the orbital angular momentum (OAM), that can be coupled by light propagation and scattering. The study of this spin-orbit interaction (SOI) has attracted a great deal of interest in the past years [2] [3] [4] [5] .
An interesting analogy between the SOI in light and the spin Hall effect (SHE) in electronic systems can be drawn [6, 7] . In the latter, electrons with different spins are deflected differently by scattering off impurities due to the SOI. This leads to a transversal spin current that in turn induces a measurable spin accumulation at the sample edges. One of the microscopic origins of the SHE is the so-called side-jump mechanism [8] , in which a spindependent displacement of the center of mass of the electronic wave packet takes place due to the SOI (for more details we refer to the reviews [9, 10] ).
Similarly, an apparent transversal displacement of a target particle induced by light scattering can be explained by an AM exchange. Hereafter this effect is referred to as optical mirage and has been observed in several situations, for example, in beams impinging on a dielectric surface [11] [12] [13] or when considering a spherical target described by a single electric polarizability [14] . In the latter case, the apparent shift of the dipole localization does not depend on the optical properties, but on the scattering angle, with opposite displacements for incident left and right circularly polarized photons (spins). The apparent shift (∆) is maximized at the plane perpendicular to the direction of the incoming wave taking a value of ∆ = λ/π and thus, it is always subwavelength.
In this Letter, we demonstrate that by taking into account both, the electric and magnetic dipoles sustained by a high refractive index spherical particle, the subwavelength maximum limit can be drastically surpassed when the particle is excited by circularly polarized light. In other words, a large macroscopic apparent shift (∆ λ) is induced in the back scattering region. Specifically, we * juanjo.saenz@dipc.org show that this optical mirage is related to the generation of a spiraling power flow and can be explained in terms of an angular momentum redistribution per photon between the SAM and OAM contributions. Based on helicity conservation we predict an intriguing enhancement of the momentum transfer when the system is dual, i.e. when the electric and magnetic dipolar moments are equal. At this, so-called, "first Kerker condition" [15] [16] [17] , the emitted light intensity vanishes in the backscattering direction, leading to the appearance of a (2σ charge) topological optical vortex.
We consider a non-absorbing dielectric sphere of radius a and refractive index n p embedded in an otherwise homogeneous medium with constant and real refractive index n h . The geometry of the scattering problem is sketched in Fig. 1 , where we consider a circularly polarized plane wave with wavenumber k = n h k 0 = n h 2π/λ 0 (being λ 0 the light wavelength in vacuum) and helicity σ = ±1 (we associate left polarized light with a positive helicity σ = +1) incident along the z-axis. Instead of using the traditional multipole Mie expansion to describe the light scattered by the sphere [18, 19] , we shall find it useful to work in a basis of multipoles, eigenfunctions, Ψ σ lm , of the helicity operator Λ, [20, 21] , ΛΨ
where, following Jackson's notation [18] , X lm denote the vector spherical harmonic, with this helicity basis, the incident field can be written as
where 1/Z = 0 cn h (being 0 and c the vacuum permittivity and speed of light, respectively) and Ψ σ lm is given by Eq. (1) with g l (kr) = j l (kr). Such circularly polarized wave, with helicity σ, carries a j z = m = σ unit of total angular momentum per photon parallel to the propagation direction [18] .
In the same basis, the scattered fields are given by
where now, since they are outgoing waves at infinity,
l (kr). Notice that a l , b l are the standard Mie electric and magnetic scattering coefficients [19] . Since a FIG. 2: Poynting vector streamlines with counterclockwise (clockwise) rotation for σ = 1 (σ = −1) when viewed from the perpendicular direction, θ = π/2. This figure is valid for any dipolar response, i.e. arbitrary α E and α M . The orange circle represents the dipolar particle.
sphere presents axial symmetry around the z-axis, the j z of the incident beam is preserved and the scattered wave can only involve m = σ. Consequently, E scat σ is an eigenfunction of the z-component of the total (dimensionless) angular momentum operator, J = L + S spin (as well as of J 2 ) [22] , with eigenvalue j z = m = σ,
Equation (9) shows that the sum of the (dimensionless) OAM, z (r), and SAM, s z (r), per photon is constant and equal to the helicity of the incoming plane wave. Notice that this is valid even in the near field region and it would be valid even in the presence of absorption. However, in general, the helicity is not preserved in the scattering process.
Let us now consider the scattering from a high refractive index (HRI) subwavelength sphere in a spectral range such that the optical response can be described by its first dipolar Mie coefficients a 1 and b 1 , i.e. by its electric and magnetic polarizabilities α E = ia 1 (6π/k 3 ) and α M = ib 1 (6π/k 3 ). The scattered field can be written as the sum of two components with opposite helicity,
which in far field limit become
where the last identity corresponds to the medium-far field expansion with
The scattered fields by HRI dielectric nanoparticles present a number of peculiar properties arising from the interference between the electric and magnetic dipolar radiation and have been largely discussed both theoretical and experimentally [23] [24] [25] [26] [27] [28] [29] . Most of these properties are encoded in the far-field radiation pattern, i.e. in the differential scattering cross section given by [16] 
where
is the so-called asymmetry factor [19] for dipolar electric and magnetic scatterers [16, 30] . Although in the strict far field limit the flow lines of S scat lie along the spherical radial direction, tracing them to their source, they do indeed spiral towards the origin in analogy with the light scattered by an electric dipole excited by circularly polarized light [14, [31] [32] [33] [34] . Consequently, as sketched in Fig. 1 , the full Poynting vector S scat makes an angle with the line of sight, which determines an apparent shift ∆ in the perceived position of the particle, with
where E scat σ is given by Eqs. (12) and (13) . Taking into account Eq. (11), the apparent shift can be written as
= −σ sin θ (1 + 2g cos θ) 1 + cos 2 θ + 4g cos θ ê ϕ . This is the first important result of this Letter: the shift is always alongê ϕ , perpendicular to the incidence plane and proportional to the z-component of the OAM per photon. Importantly, the sign of the displacement is purely determined by the incoming helicity.
In absence of magnetic dipolar response, setting g=0 in Eq. (22), one recovers the previously reported results for electric dipoles [14, 34] , which were interpreted as a result of transfer from SAM to OAM [14, 35] . According to those previous works, this transfer is expected to be maximum at those directions at which the scattered light is linearly polarized (being the SAM of scattered photons identically zero). For an electric dipole excited by circularly polarized light the maximum transfer would take place in the plane perpendicular to the incoming light (θ = π/2) being the maximum displacemente equal to
The fields scattered by electric and magnetic dipoles present a very different polarization structure [36, 37] . Contrary to the purely electric (or magnetic) case, when excited with a circularly polarized field, the scattered radiation on the plane perpendicular to the incoming light (θ = π/2) is no longer linearly polarized. Interestingly, this change does not affect the streamlines of the Poynting vector on this particular plane (as shown in Fig. 2) , leading to the same subwavelength optical mirage. However, out of this plane the apparent displacement presents a peculiar behaviour that strongly depends on both θ and the wavelength. Figures 3 and 4 summarize the anomalous behavior of the apparent displacement ∆(λ, θ) for silicon nanospheres in the infrared (similar behavior is obtained in other spectral ranges as long as the scattering cross section can be described by only the first two dipolar multipoles, see Fig. 3a ). As it can be seen in Figure 4 , for θ = π/2 the displacement is always λ/π for all wavelengths. When the asymmetry factor g is negative (λ g1 < λ < λ g2 ) the maximum displacement occurs for θ < π/2 and it is always subwavelength but slightly larger than the one for θ = π/2. However, for g > 0 the apparent displacement can be much larger than λ/π and when the electric and magnetic polarizabilities are identical (λ = λ K1 ), i.e. at the so-called first Kerker condition, it diverges as θ → π. Notice that the singularity is resolved naturally since at the first Kerker condition there is exactly zero back-scattered intensity.
We can now examine the peculiar behaviour of ∆ near the first Kerker condition in terms of the angular momentum flow. When the electric and magnetic responses are identical, i.e. α E = α M , the system is "dual" and the scattering preserves helicity [38, 39] . In this case, the asymmetry factor is maximum, g = 1/2, (see Fig 3b) which leads to s z (θ) = σ cos θ and
From this equation two interesting limiting cases can be identified: firstly, in the forward direction the optical mirage and l z go to zero since S ϕ = 0. This can alternatively be understood by means of the symmetries of the system: being the scatterer dual, the system must conserve the helicity of the incoming field, which in the forward direction corresponds to the spin density. Thus, the incident circular polarization is preserved in the forward direction and must carry all the angular momentum density (leaving z =0). Secondly, in the direction perpendicular to the incident wave-vector (θ = π/2), the interference term vanishes. As a consequence, s z = 0 and z = σ and, in analogy with electric dipoles, we obtain ∆ = σλ/π, although in that case light in this direction is fully circularly polarized (see Fig. 2 ). The most striking effect arises at an observation angle near backscattering θ π where, as discussed above,
FIG. 4:
Optical mirage colormap (Fig. 3 ) cuts versus the scattering angle for different values of the wavelength, belonging to regions with g < 0 (λ K2 ), g = 0 (λ g1 , λ g2 ) and g > 0 (λ 1 , λ 2 and λ 3 , respectively decreased 5, 10 and 15 nm with respect to λ K1 , and λ K1 itself). At θ = π/2, ∆ = λ/π is observed to be a universal value . Both subplots show examples of trajectories of the Poynting vector at forward and backscattering, being similar for λ g1 and λ g2 (a) and considerably different for λ K1 (b).
the apparent displacement diverges. This divergence is solved because the Poynting vector becomes strictly zero at backscattering, which suggests the appearance of an optical vortex in that direction. As a matter of fact, near backscattering z ( θ) → 2σ, while the spin reverses sign s z (θ π) → −σ (but still maintaining constant helicity), which confirms the existence of a vortex with l = 2σ emerging from a nanoparticle as a nanoscale analogue of the light backscatterd from a perfect reflecting cone [40] .
In conclusion, we have shown that light scattering from dipolar electric and magnetic nanoparticles, excited by circular polarized light, can lead to optical mirages values much larger than the incident wavelength. The properties of the optical mirage were discussed in terms of spin-orbit interactions and helicity conservation. Interestingly, for dual spheres, i.e. at the so-called first Kerker condition, we predicted a huge enhancement of the apparent shift related to the emergence of an optical vortex in the backscattering direction. 
